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RESEARCH OBJECTIVES

Introduction

The role of monolithic surface acoustic wave (SAW) devices

in performing the '"real-time" analogue of various signal

processing functions is by now widely accepted. Monolithic

structures are intrinsically rugged, reproducible, and compatable
F% with mode:n integrated circuit fabrication techniques. The {
g emphasis of the research reported herein involves the evaluation

1 of monolithic SAW structures and materials, with the research

| treating in large part modified structures and prototype device

concepts.

Specific Tasks

1. An important consideration in the ultimate application of
SAW signal processing devices to real systems is the available

bandwidth. As a consequence, a major aspect of the project

involves measures aimed at increasing the available bandwidth

of monolithic SAW devices.

2. In0 has proven to be an acceptable piezoelectric material for
the implementation of monolithic, ''on-silicon" device
concepts. An alternate material, AIN, has been proposed as
representing a possible Improvement over, and replacement for
Zn0. A portion of the project has been devoted to an examina-

tion of AIN for monolithic SAW applications.




3.

It has been established that the electrical properties of

the SI'SiO2 subsystem are adversely affected by the Zn0
deposition process. Methods for minimizing the effects of the
sputtering damage are being examined and evaluated. Also, an
instability related to the injection of electrons from the
metal gate electrode into the underlying Zn0 is observed upon
applying a d.c. gate bias. We are seeking an understanding

and constructive control or blocking of this injection process.

A wide range of analog linear and nonlinear signal processing
functions are now feasible as a result of continuing develop-
ments in acoustic surface wave techniques. Under investigation
are problems associated with achieving practical devices, such

as correlators and resonators, using the monolithic technology.
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A. Bandwidth Considerations

The fractional bandwidth capability of monolithic SAW signal
processing devices was significantly improved as a result of our
previously reported work with Sezawa mode propagation. One develop-
ment of the past year was the publication of the performance
characteristics of a new transducer configuration for monolithic
SAW devices. This transducer, called the separate comb transducer,
is an adaptation of the single phase grating transducer that was
earlier proven unsuccessful for transduction on single crystal sub-
strates. We have demonstrated that the MZOS version of the single
phase transducer performs quite well, and provides a significant
advantage over the more conventional interdigital transducer when
employed in the MZ0S layered configuration. The improvement
introduced by the separate comb transducer results in a relaxation
of demands on the resolution requirements of the photolithographic
process. A recent publication (Appendix A) describes how both in-
creased operating frequencies and improved yield are expected when
employing the separate comb transducer concept.

As a further demonstration of the increased SAW frequencies
resulting from use of the separate comb transducer, we have demonstrat-
ed Rayleigh and Sezawa mode convolvers operating at the highest
frequencies reported for MZ0S structures. The Rayleigh mode convolver

processed signals at 285 MHz, while the Sezawa mode device operated

at 355 MHz. Complete details are provided by the reprint In Appendix B.
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The concept of the coupling between Sezawa and Rayleigh modes
relates to an additional development of the past year; the use of
the multistrip coupler in the MZ0S configuration. The primary
motivation for an examination of the multistrip coupler structure
originates from our continuing effort to enhance the performance
of SAW convolvers. Along these lines we have been examining
techniques for beamwidth compression (and hence increased power
density and convolver efficiency), in the ZnO-SiOz-Si configuration.
One wide-band means of achieving acoustic beam compression employs
a multistrip coupler (MSC) beam compressor. It is signiflcant to
note that heretofore MSC structures have been employed only on very
high electromechanical coupling (high kz) single crystal materials
such as lithium niobate. Since we have previously demonstrated a
high k2 configuration employing the Sezawa mode, the opportunity for
also implementing practical MSC structures in MZ0S devices was
apparent. During the past year we have fabricated a MSC beam-
compressed device; the subsequent experiments exhibited an unexpect-
ed phenomenon. The results of these experiments were analyzed, and
it was concluded the periodic MSC array not only coupled the acoustic
beam to a parallel compressed track (the anticipated result), but
also produced a narrow-band (and efficlent) mode conversion from the
input Sezawa mode energy to the Rayleigh mode. An unfortunate (or
judicious, depending on newly envisioned applications) choice of MSC
periodicity positioned the frequency of mode conversion near the
center of the convolver passband. A subsequent series ¢ experiments
cofirmed the mode conversion hypothesis and further provided the design

information required to either avoid or exploit the newly discovered

N
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phenomenon, depending upon device objectives. A complete description

of this work is included as reprints in Appendices C and D.

B. New Materials

Research performed during the past year has resulted fn pre-
viously unreported developments involving monolithic SAW configurations
based oﬁ an AIN film technology. By employing low substrate tempera-
tures (<200°C) and reactive rf magnetron sputtering, we have succeeded
in growing c-axis normal oriented plezoelectric films of AIN onto both
SIOZ-Si and unoxidized silicon substrates. Some previous AIN work
has involved low temperature deposition on saphire sub;trates or CVD
deposition onto silicon at elevated substrate temperatures; the work
reported here is the first demonstration of the performance of AlN-on-
silicon SAW devices where low temperature fabrication was performed.
(The interest in low temperature processing is related to compatability
with integrated active devices on the silicon wafer.) The operation
of AIN-on-silicon SAW delay lines, convolvers, and resonators is de-

scribed In the reprints in Appendices E and F.

C. Charge Injection

During the past year we reported a ZnO-SlOz-SI convolver in
which the assoclated bias instability behavior was nearly eliminated.
At the 1981 Ultrasonics Symposium we reported (reprint in Appendix G)
the operation of a MZ0S convolver In which the silicon surface bias
potential can be rapidly changed (in both positive or negative directions)

without evidence of significant hysteresis (bias instability) effects.




This stability was achleved through the use of a special annealing
procedure. All previously reported M20S signal processing devices
have exhibited the bias instability behavior. li is especially
interesting that the cited annealing procedure is effective for
devices employing magnetron sputtered Zn0 films, but not for diode

sputtered films.

D. Induced Junction Storage Correlator

We have recgntly Introduced a new device concept based directly

on the charge injection phenomenon resulting from applying a dc
bias to the gate. The new device utilizes charge stored in deep
states at the ZnO-Sio2 interface to induce discrete inverted
regions at the silicon surface. The isolated inverted regions are
i found to accomplish the task previously performed by ﬁn diode

arrays in implementing storage correlator operation. Instead of

information storage in diffused or Schottky diodes, here the correla-
tor reference waveform is stored as variations in inversion layer . “

charge in the array of inversion regions. The advantage of such a

device configuration over more conventional diode correlators

originates in the significantly simplified fabrication requirements,

and the opportunities for electronic erasure. Details of device

operation have been published, and a reprint Is included as Appendix H.

E. SAW Resonators on Silicon

We have recently reported the development of the first VHF/UHF

resonators on a stlicon chip. It was found that such devices, con-

structed with available Zn0 films, could exhibit Q values as high as
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10,000 for these first test devices. Of even greater significance,
however, was the demonstration of temperature stability comparable
to ST quartz SAW resonators. The observed temperature stability -
resulted from the use of a compensating layer. It is important to
emphasize that the compensating layer consists of a thermally
grown silicon oxide. During the past year we have emphasized the
elimination of the effects of transverse modes on the response
characteristic of the resonator, the optimization of reflection
grating parameters, and the examination of aging characteristics.
(The aging data was obtained in collaboration with North American
Rockwell.) Details of the resonator work will appear in future

publications.
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Single-Phase and Balanced Separate Comb Transducer
Configurations in a ZnO/Si SAW Structure

M. R. MEL.LOCH, R. .. GUNSHOR, SENIOR MEMBER, IEEE, AND
R. F. PIERRET

Abstract —The operating frequency corresponding to a given photo-
lithographic limit can be doubled by employing a single-phase trans-
ducer configuration instead of the conventional interdigital transducer
(IDT) configuration. It is found that the signal level due to direct
coupling in the single-phase structure is reduced by employing a bal-
anced transducer configuration using two single-phase delay lines in
paraliel. Both Rayleigh and Sezawa mode operations in the ZnQ-
8i0,-Si structure are described.

I. INTRODUCTION

The interdigital transducer (IDT) [1] is the most efficient
means of exciting and detecting surface acoustic waves (SAW)
on piezoelectric media. It consists of a series of metal strips
where alternate strips are interconnected as shown in Fig. 1(a).
The upper limit on the operating frequency of 8 SAW device is
determined by the capability of the photolithographic tech-
nique being used to define the interdigital transducer. A con-
figuration employing a two-layer transducer on lithium nio-
bate has been used to double the frequency range for LINbO,
SAW devices [2]. Herein we describe a technique for doubling
the operating frequency for use in the ZnO-on-silicon layered
device configuration.

The proposed transducer structure is shown in Fig. 1(b) and
is referred to as the “single-phase’ structure [3]. The metal
widths and spacings for the single-phase structure are A/2
(where A = wavelength of the SAW) while the metal widths
and spacings for the conventional IDT structure are \/4, Thus
for a given photolithographic limit, one can obtain twice the
operating frequency with the single-phase structure as opposed
to the IDT structure. It is important to note that a single-
phase transducer in the form of a grating [4], as shown in Fig.
1(c), will improve device yields. The yields improve because
electrical shorts between fingers or a break in a finger will alter
just a small portion of the transducer’s active region.

II. DEVICE STRUCTURES AND PERFORMANCE

A Rayleigh mode single-phase transducer delay line has been
constructed in the ZnO-8i0;-Si configuration. The Rayleigh
waves propagate in the {100) direction on a (100)cut 7- - cm
n-silicon substrate. A 0.12-um SiO; film thermally grown on
the silicon substrate is covered with a 2.6-um thick ZnO film
deposited by radio frequency (RF) sputtering. The trans-
ducers consist of 20 aluminum fingers of equal width and gap
(22.9 um) located on top of the ZnO, with an aluminum
underlay at the ZnO-SiO, interface. The SAW acoustic beam-
width is 1 mm, and the center-to-center transducer spacing is
12.7 mm. Both input and output transducers were tuned with
series inductors, and there is a convolver gate (5] located be-
tween the transducers.

Manuscript received March 24, 1981 revised July 14, 1981. This
work was supported by the Air FForce Office of Scientific Research
under Grant No. AFOSR-77-3304, National Science Foundation Grant
No. ENG 76-11229, and NSF-MRL Grant No. DMR 77-23798.

The authors are with the School of Electrical Engineering, Purdue
University, West Lafayette, IN 47907.
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(a)

U R L I B R

(c)
Fig. 1. (a) Conventional interdigital transducer configurati (b)
Single-phasc transducer configuration. (c) Single-phase grating
transduccr configuration.

Fig. 2 shows the two-port insertion loss for the Rayleigh de-
vice plotted as a function of frequency. The insertion loss at
the synchronous frequency, fo = 94 MHz, is 25 dB. This loss
value is comparable to that achieved with other monolithic
zinc-oxide-on-silicon (MZOS) Rayleigh dclay lines [6]-[9).
However, it was found that the background signal level, due
to direct electromagnetic coupling betwceen the single-phase
transducers, is only 25 dB below the response peak. In the
IDT structure, this direct coupling is often reduced by means
of a balanced excitation, which is implcinented by driving
both combs with signals that have a 180° phase offset. When
using the single-phase structure, we have found that one can
make use of a balanced drive by placing two single-phase dclay
lines in parallel as shown in Fig. 3; we will refer to this ar-
rangement as the separate comb configuration.

In Fig. 4 the two-port inscrtion loss for a balanced separate

0018-9537/82/0100-0055500.75 © 1981 1EEE
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Fig. 5. Frequency response of separate comb transducer Sezawa device.

comb Rayleigh device is shown. All the parameters are the
same as the previously described Rayleigh device except that
the beamwidth is now 2 mm and there are two convolver
gates, one between each half of the transducers. The syn-
chronous insertion loss is 22 dB, and the background noise
level is now 60 dB below the peak transduction. It should be
noted that this structure is similar in complexity to a con-
volver configuration used to obtain self-convolution sup-
pression [ 10].

In addition to the Rayleigh device, a Sezawa mode balanced
separate comb transducer delay line was also constructed.
Here the parameters are the same as for the balanced separate
comb Rayleigh device except that the ZnO film is now 10-um
thick and is deposited by RF magnetron sputtering [11].

The two-port insertion loss for the Sezawa device is plotted
as a function of frequency in Fig. 5. The insertion loss at the
synchronous frequency, fo = 114.5 MHz, is 18 dB, a value
comparable with other MZQS Sezawa delay lines [12]-[13].

III. DI1SCUSSION

The comparison of interdigital transducers in the MZOS
structure under balanced and unbalanced excitation has been
examined by Webb and Banks {14]. The single-phasc and
separate comb transducers can be compared to the IDT by
using the normal mode approach described by Kino and
Wagers [15). For the MZOS structure the radiation resistance
R, and the static capacitance Cr for a balanced drive IDT are

. md 2
sin —
a [""N
Ry=—-
w/ E
A

12
[Eo + (ExxEn)llz coth ( (""2 (‘_xx) H)] v
A > ("

where
N number of finger pairs,
d finger width,
! finger length,
v wave velocity,
Av perturbation in wave velocity,
H Zn0 thickness,
A acoustic wavelength,
w synchronous frequency,
€xx, €33 permittivities for ZnO.

The normal mode approach applied to the balanced separate
comb transducer for evaluation of the radiation resistance and
static capacitance gave the same results as (1) and (2).

Equations (1) and (2) can be used to make a comparison be-
tween a balanced separate comb transducer having M fingers in
each parallel half of the transducer and an IDT having N fin-
ger pairs and operated with balanced drive. In both examples,
the finger width to spacing ratio is taken as unity, and they
have the same beamwidth. It is found that the balanced sepa-
rate comb transducer has the same radiation resistance and
static capacitance as the IDT structure using balanced excita-
tion. Therefore the electrical fractional bandwidth, given by
Afffo = 2nfoCTR,, is the same for the balanced separate
comb and balanced IDT structures.

The radiation resistance of the previously described bal-
anced separate comb Rayleigh device is measured to be 16.5 §2.
The value of R, obtained from (1) is 19.4 . The measured
static capacitance is 8 pF, while a value of 9.5 pF was obtained
from (2).

Using the normal mode approach, the radiation resistance
and static capacitance for the single-phase transducer and the
IDT driven unbalanced are

1 SIIIT ) ﬁp
L

Ry=—

72
W\ ™+ (exxers)? coth (2—"(6—‘1 H
A A e,

(3)

= fsin l(2m+l)ml/)\|)2 i '
=Nl 14 N | — - e e e = ——— e s —— e —— -— . - - ‘2
Crenml (4 3 ( 2m 4 1) md/A ’

, - -
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Using (3) and (4) a comparison can be made between a
single-phase transducer of N fingers and an IDT of N finger
pairs that is driven unbalanced. The ratio of finger width to
spacing was taken as unity for both transducers, and they have
the same beamwidth. For the sirgle-phase structure, the
radiation resistance is found to be one-half and the static
capacitance is twice that of the unbalanced IDT structure.
Therefore, the electrical fractional bandwidth is the same for
the single-phase structure and the IDT structure with unbal-
anced drive.

The radiation resistance of the previously described single-
phase Rayleigh device is measured to be 4 2. The value of R,
obtained from (3) is 4.8 §. The measured static capacitance is
14 pF, while a value of 17.5 pF is obtained from (4).

(4)

1V. CONCLUSION

We have demonstrated a technique for doubling the oper-
ating frequency for both MZOS Rayleigh and Sezawa mode
transducers without an increase in conversion loss or in the
amount of direct coupling. In addition, for devices con-
structed for a particular frequency, the device yields will be
improved with use of the single-phase grating structure. The
expected improvement is due not only to increased metal
widths and spacings, but also because shorts between trans-
ducer fingers or a break in a finger should have little effect on
the performance of the transducer.
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I ! evaporated AuZn and AuGe, respectively. The diameter of the

active region was 100 um.

A guard ring plays the most important role in determining
avalanche gains in planar APDs. In preliminary studies using
InP epitaxial wafers, it was found that the Be-implanted layer
forms a linearly graded junction and its breakdown voltage is
greater than that of a Cd-diffused abrupt junction. The edge
breakdown, however, cannot be prevented solely by this
linearly graded junction because of a curvature effect by the
shallow junction (2 um). Therefore, as seen in Fig. 1, the upper
n~-InP layer was prepared to avoid the edge breakdown. This
two-step guard ring produced a difference in the breskdown
voltages between the guard ring and active regions. The break-
down voltage of the guard ring was 110 V. After the Cd-
diffusion, the avalanche breakdown occurred at about 89 V
(sec Fig. 3). The difference was more than 20 V.

The guard ring effect was studied by a spot-scanned photo-
response at a wavelength of 1-3 um (InGaAsP laser diode). The
results obtained are shown in Fig. 2. The spot size was about
10 um. The photoresponse in the active region was much
greater than in the guard ring region. An effective guard ring
can be recognised in this Figure. The multiplication character-
istics are shown as a function of the bias voltage in Fig. 3. The
photoresponse increased rapidly at about 25 V, corresponding
to the punchthrough of the depletion region from the InP into
the InGaAsP. In the voltage region of 25-40 V, the noticable
increase of the photoresponse was not obtained. This indicates
that the multiplication factor of this voltage region can be
defined to be unity. The maximum avalancl.c gain was 110 at
an initial photocurrent of 0-35 A and at 1-3 um. The quantum
efficiency at 1-3 um was about 50Y%, at 35 V without an anti-
reflection coating. A value of about 70Y% is expected by apply-
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ing an optimum coating. The dark current of the diode is also
showa in Fig. 3. The value was 20 nA at 90° of the breakdown
voltage.

In summary, an InP/InGaAsP planar AP operating at 4
wavelength of 1:3 um has for the first time been fabricated by
using Be implantation and a difference of impurity concentra-
tions between two laP layers. A sufficient guard ring cffect was
demonstrated by a spot-scanned photoresponse, and an iava-
lanche gain of 110 was obtained at an initial photocurrent of
0-35 uA.

We would like to thank T. lkegami and T. Kimura in NTT
for their continuing guidance and encouragement. We would
also like to acknowledge useful discussions with T. Sakurai, K.
Akita, T. Hashimoto, T. Mikawa and K. Yasuda.
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APPENDIX B

HIGH FREQUENCY Zn0O-Si0,-Si SURFACE
ACOUSTIC WAVE CONVOLVERS

Indexing terms : Surface acoustic waves, Conrolrers

The separate comb grating transducer configuration ts used in
the fubrication of high frequency convolvers m  the
metal-Zn()-$i0,-Si surface acoustic wave device structure A
Rayleigh convolver with an operating frequency of 28S MIL,
and a Sezawa convolver with an operating frequency of 158
MHz are reported.

The use of the separate comb transducer contiguration® in the
metal-Zn0-Si0,-Si (MZOS) surface acoustic wave (SAW)
configuration enables one to double the operating frequency
for a given photolithographic capability. The increase is duc to
the fact that the metal widths and spacings are 4/2 (where
4 = wavelength of the SAW) for the scparate comb
configuration, while the metal widths and spacings for the con-
ventional interdigital transducer are 4/4. We have employed
the separate comb grating transducer (SCGT) in the construc-
tion of high frequency Rayleigh and Sezawa convolvers in the
MZOS structure which are described in this letter.

1]
=

- cowoM/ gate dumn‘gym

Fig. 1 Convolver structure utilising separate comb grating rransducers
and two convolver gates
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convolver gates are shown, one between each hulf of the
SCGT. A configuration of this type, with an appropriate shift
in transducer position, can be used to obtain sell-convolution
suppression.? The devices were fabricated on (100)-cut 7 Q2cm
n-silicon substrates and the SAW propagation was in the
<100) direction. A 0-12 um SiO; film was thermally grown on
the silicon substrate and then 06 um or 2:8 um of ZnO was
deposited by RF sputtering for the Rayleigh and Sezawa dev-
ices, respectively. The SCGT consisted of 20 aluminium fingers
in each half of the transducer, which was designed for a wave-
length of 1524 um, located on top of the ZnO, with an alumin-
ium underlay at the ZnO-SiO; interface. The SAW beamwidth
was 0-15 cm and the centre-to-centre transducer spacing was
1:27 em. The transducers were driven balanced and the convo-
lution output was taken from both convolver gates.

The fabricated Rayleigh convolver had a synchronous
frequency of fo = 285 MHz and a two port insertion loss of 36
dB. This synchronous frequency is more than 100 MHz higher
than any previously reported MZOS Rayleigh convolver.* A
maximum convolution efficiency® of F, = —89 dBm was ob-
tained and the convolution efficiency and insertion loss against
gate bias are shown in Fig. 2. (A stationary state was estab-
lished after strong illumination at each bias value,® while the
actual convolution efficiency and insertion loss measurements
were taken in the dark.) The convolution output at 570 MHz
for two RF modulated rectangular puises is ahown in Fig. 3.
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Fig. 2 Comvolution efficiency and two port insertion loss against DC
gate bias for Rayleigh device

Fig 3 Convolution output at 570 MHz of two rectangular pulses for
Ruayleigh device
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Fig. 4 Convolution efficiency and two port insertion loss against DC
yate bias for Sezawa device

"™ The Tabricated Sezawa convolver had a s;néhronous

frequency of f, = 355 MHz and a two port insertion loss of 27
dB. This synchronous frequency is 130 MHz higher than any
previously reported MZOS Sezawa convolver.” A maxumum
convolver efficiency of Fy = — 74 dBm was obtaimed and the
convolution efficiency and insertion loss against gate bias are
shown in Fig. 4.

In conclusion we have fabricated MZOS Rayleigh and
Sczawa convolvers utilising separate comb grating transducers
to obtain higher frequency devices than previousty reported .’
The Rayleigh device had a 285 MHz synchronous [requency
and a maximum convolution efficiency of F, = — 89 dBm. The
Sezawa device had a synchronous frequency of 355 MHz and a
maximum convolution efficiency of F, = - 74 dBm.

This work was sponsored jointly by the US Air Force Oftice
of Scientific Rescarch under grami AFOSR-77-3304, the
National Science Foundation under grant ECS-8103744, and
the NSF-MRL grant DMR 77-23798.
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LOW-LOSS MULTIFIBRE CONNECTORS
WITH PLUG-GUIDE-GROOVED SILICON

Indexing terms: Optical fibres, Silicon

Low-loss interchangable multifibre connectors have been
developed using plugs consisting of large guiding grooved and
fibre-fixing V-grooved silicon chips. Guiding grooves etched
on silicon chips accomplish extremely small average fibre
offset less than 2 um. A 6-fibre connector plug pair selected
from the same waler exhibits 0-14 dB average connection loss.
Connector plugs from different wafers exhibit 0-17 d8 and
0-24 dB average connection losses.

Introduction: Demountable and interchangable muhtifibre con-
nectors are exceedingly useful in connecting cables and equip-
ments. The connectors consist of a pair of plugs and
mechanisms for plug alignment. The fibres must be located
accurately in the plugs and euch pair of plugs must be aligned
sccurately to attain low connecting loss. Many kinds of mulu-
fibre connectors have been reported up to this time. V-grooved
connectors are suitable to connect ribbon fibres.

Miller' developed a multifibre splicer using precise V-
grooved silicon chips. On the other hand, Fujii er al?
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Sezawa to Rayleigh mode conversion in the ZnO-on-Si surface acoustic wave
device configuration

M. R. Melloch, R. L. Gunshor, and R. F. Pierret
School of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907

(Received 3 June 1981; accepted for publication 19 June 1981)

Conversion of Sezawa surface waves to Rayleigh surface waves by means of an aluminum grating

; in the metal-ZnO-8i0,-Si surface acoustic wave structure is reported. This conversion must be

% taken into account in the design of grating structures in ZnO-on-Si devices, such as multistrip
couplers, to avoid unwanted stop bands. The conversion also provides a new phenomenological

basis for the construction of bandpass filters.
PACS numbers: 43.35.Pt, 68.30. + z, 62.30. + d

The multistrip coupler' (MSC) represents an important
component of many surface acoustic wave (SAW) devices.?
The essence of the MSC is an ability to transfer SAW energy
from one acoustic beam “track” to another. In order to con-
struct multistrip couplers which are capable of implement-
ing an energy transfer in some reasonable propagation
length, a large electromechanical coupling coefficient k ? is
required. By exhibiting a substantial & 2, lithium niobate, for
example, is a good candidate for MSC structures, while
quartz (to cite another widely used SAW material) is not. A
SAW configuration of current interest is the monolithic
{MZOS) structure consisting of piezoelectric films of ZnO
sputtered onto an oxidized silicon wafer. Although bulk
Zn0 is not characterized by strong piezoelectricity, it hap-
pens that a particular mode of the MZOS layered structure,
the Sezawa mode, exhibits an electromechanical coupling
comparable to LiINDO,.® The implication is that the Sezawa
mode propagating in the MZOS structure represents a good
candidate for implementing the MSC concept. Initial experi-
ments designed to employ such MSC structures have re-
vealed a problem which we have attributed to a coupling of
the Sezawa mode to the Rayleigh mode within the multistrip
coupler. Shown in Fig. 1 is the measured transmission
through an MSC structure revealing a deep stop band which
we have identified as resulting from a conversion of energy
initially in the Sezawa mode to the Rayleigh mode, as a result
of the presence of the periodic MSC structure. A related
phenomena has recently been observed in LiNbO, devices,
wherein a surface acoustic wave was found to be converted
into bulk plate modes as a result of the presence of a shallow-
etched grating structure.**

The mechanism for the observed mode conversion can

I 278

FREQUENCY(MNHZ)
FIG. 1. Transmission through multistrip coupler structure.
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be explained by considering what occurs when a Sezawa sur-
face wave of variation explilk,x — wt )] is incident on a grat-
ing of periodicity d. It can be shown that one expects modes
having a variation given by exp{i[(k, + n2a/d x — wt ]}
are generated due to the perturbation of period d imposed by
the MSC grating.® k, is the wave number of the Sezawa wave
and n is an integer. The phase velocity for a generated mode
propagating in the x direction is given by

v, =w/lk, +n2n/d). (n
Setting 7 = —~ 1, one obtains a specific phase velocity, and a
corresponding wave number given by

kg =k, —2n/d. (2)

Clearly, when the grating periodicity d is less than the inci-
dent Sezawa wavelength A,, the n = — 1 mode will propa-
gate in a direction opposite to the incident Sezawa wave.
Similarly ifd > A,, then then = — 1 mode will propagate in
the same direction as the incident Sezawa wave.

In order to experimentally verify the expected conver-
sion of a Sezawa surface mode to the Rayleigh surface mode,
the test device shown in Fig. 2 was used. The 7-2 cm silicon
wafer was of (100) orientation with propagation in the {100)
direction. A 0.12-um SiO, layer was thermally grown. The
rf-sputtered ZnO film had a thickness of 6.5 um. The test
gratings consisted of either 300 or 400 aluminum strips with
a periodicity of 15.24 um. Transducers S | and S 2 consisted
of ten finger pair interdigital transducers (IDT) of wave-
length A, = 40.64 zum. Transducer R was a 20 finger sepa-
rate comb’ interface® transducer of wavelength 4, = 24.4
pm. For the particular thickness, wave number product
(hky = 1.67), an interface transducer was used to provide a
much greater electromechanical coupling than is available
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FIG. 3. Sezawa mode transmission through 400 strip Aluminum grating.

using more conventional construction where the IDT is lo-
cated on the top of the ZnO film.

The transmission response from transducer S | to trans-
ducer S 2 is shown in Fig. 3. A narrow stop band of 15-dB
depth was observed at a frequency of 130 MHz; the stop
band was interpreted as corresponding to conversion from
the Sezawa mode to the Rayleigh mode. Equations (1) and {2)
can be used to obtain the phase velocity and propagation
constant for the generated Rayleigh mode, yielding v,

= 3.18 X 10° cm/secand ky = 27/24.4 rad/cm, respective-
ly. The value of 3.18 X 10° corresponds to the predictions of
Rayleigh wave dispersion characteristics at hk, = 1.67.

Because the test device grating periodicity is less than
the wavelength of transducer S 1, a Sezawa wave launched by
transducer S | will be converted by the grating into a Ray-
leigh mode which can be detected at transducer R. The top
trace of the photograph in Fig. 4(a) shows the input pulse to
transducer S 1 at a frequency of 130 MHz. The first pulse
appearing in the lower trace represents direct detection of
the Sezawa wave by transducer R. The triangular-shaped
response arises from the “backscattered” Rayleigh wave
which was generated in the grating. The shape of the detect-
ed Rayleigh pulse is determined by the convolution of the
Sezawa pulse with the grating array. With an acoustic ab-
sorber on the grating, the output obtained at transducer R is
as shown in the photograph of Fig. 4{b). The response here
consists of only the directly detected Sezawa mode. Since the
bandwidths of the transducers were significantly greater
than that of the grating, the mode conversion bandwidth is
determined primarily by the length of the grating. A 3-dB
bandwidth of 0.84 MHz was obtained for a grating of 300
strips.

In conclusion, we have demonstrated mode conversion
between Sezawa and Rayleigh waves at s periodic grating in
the MZOS device structure. The occurrence of such a con-
version must be considered in the design of grating struc-
tures, such as the multistrip coupler, in layered monolithic
configurations. The mode conversion could result in un-
wanted stop bands; alternatively such stop bands could be
used to implement specific desired filter characteristics.

The authors are grateful to Gary MaGee and the Naval
Avionics Center for making some of the photomasks used in
device fabrication. This work was sponsored jointly by the
Air Force Office of Scientific Research under Grant No.
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(a)

(b)

FIG. 4. (a) Oscillograph of input to transducer S 1 and output on transducer
R. (b) Oscillograph of input to transducer S | and output on transducer R
with an acoustic absorber on the aluminum grating.

AFOSR-77-3304, the National Science Foundation under
Grant No. ECS-8103744, and the NSF-MRL under Grant
No. DMR 77-23798.
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CONVERSION OF SEZAWA TO RAYLEIGH WAVES IN THE Zn0-Si0,-Si CONFIGURATION

M. R Melloch, R. L. Gunshor, and R. F. Pierret

School of Electrical Engineering, I'urdue Universily
West Lafayette, Indiana 47907

Abstract

The high electromechanical coupling of Lhe Sezawa
mode makes it feasible to construct devices such as a
multistrip coupler in the metal-Zn0-Si0z-Si surface
acoustic wave configuration. The transmission of a 21.8
um wavelength Suzawa surface wave Lhrough an 8.1 um
aluminum grating multistrip coupler, however, exhibited
a narrow stopband. This stopband has been identified as
resulting from a conversion of the Sezeawa mode to Lhe
Rayteigh mode. Clearly, the mode conversion must be
taken into account in the design of periodic grating
structures, such as a multistrip coupler, to avoid spuri-
ous stopbands. The conversion also provides a new
phenomenological basis for the construclion of narrow
bandpass filters.

1. Introduction

The multistrip coupler (MSC) [1] is an important
conponent in many surface scoustic wave (SAW) device
structures [2). The essence of the MSC is an ability to
transfer SAW energy from one acoustic track to another.
One applicalion of particular importance is the use of an
MSC beam compressor in a LiNbOy SAW convolver
configuration (3]). The compression of the acoustic wave
by the MSC increases the power density in the SAW,
which results in an increase in the nonlinear interaction,
and hence an increase in the convolver efficiency [4]. It
is important to note that the use of the MSC to compress
the beam, rather than employing transducers with a nar-
row aperture, resulls in an increase in the dynamic
range [or the device [5].

We have investigaled the possible usc of the MSC as
a component in Lthe monolithic metal-Zn0-8i0z-8i (MZ0S)
configuration. Since the length of transfer of SAW energy
in an MSC is dependent on the eleclromechanical cou-
pling, the first order Rayleigh mode is nol a likely condi-
date for MSC structures. However, thc Sezawa mode
(second order Rayleigh mode) exhibits an elec-
tromechanical coupling comparable to LiNbO; [8), and
hence is a promising candidate for MSC structures. Ini-
tial experiments to employ the MSC concept in the
Sezawa MZOS configuration has led to the observation of
an unanticipated phenomenon. Figure 1 shows Lhe
transmission through the MSC structure revcaling a deep
stopband. We have attributed this stopband to a conver-
sion of the Sezawa mode to the Rayleigh mode, due to
the presence of Lhe periodic MSC structure. A similar
phenomenon has recently been observed in LiNbOy dev-
ices, where a surface acoustic wave was converted to
bulk plate modes due to the presence of a shallow etched
grating structure [7.8).

0030-3607/81/0000-0765 $00.73 © 1981 IEEE
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Fig. 1. Transmission through multistrip coupler struc-
ture.

In this paper we discuss the phenomenon of ode
conversion due to periodic structures. Expernnental
support will then be presentcd for Sczawa to Kayleigh
mode conversion in the MZ0S configuration due to
periodic perturbations in the SAW path. Conversion
resulting from the presence of aluminum and shallow
etched groove gratings will be demonstrated.

The mechanism for mode conversion can  be
explained by considering whal occurs when a Scrawa
surface mode of variation exp|i(k,x-wt)] is incident on a
grating of periodicity d. The graling wnposes periodie
boundary conditions which are satisficd by the geners-
tion of space harmonics at frequency . The o-&
disgram in figure 2 can be used to demonstrate a
conversion from one mode to another. Two modes are
pictured, v, and v,, which are assumed dispersionless
for the purposes of illustration. When the mode with
wave number k, is incident on the graling of perwdicity
d, the wave humbers are conscrved if 8 spalial harmowce

of wave number &k, = k, - ‘4: at frequency o s

excited. Similarly if one shifts the w-% curve for the r
mode 30 it is centered at nf; . one obtains the following

condition for the wave number of Lhe generated mode at
frequency w.
kem =k, - n é‘_ (1)

The phase velocity for Lhe generated modes are given by,
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wh~~=

Fig. 2. w-k diagram for two non-dispersive modes, v, and
Yy

2n @

it one sets n = 1 in equations (1) and (2). a specific
phase velocity is obtained together with a corresponding
wave number given by,

Y = (3)
K -2
ky = &k, ~ %‘;‘" (1)

Il the wavelength of the incident Sezawa mode, A,, is
greater than the grating periodicity, d, then the gen-
cvrated Rayleigh mode will propagate in a direction oppo-
site to the incident Sczawa mode. Similarly if d > A,
then the Rayleigh mode will propagate in the same direc-
tion as the incident Sezawa mode.

1. Experimental Results

A top view of the test device structure is illustrated
in figure 3. The dashed lines represent metal patterns
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Fig. 3. Mode conversion test device structure.
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positioned at the Zn0-Si0, interface, while the solid lines
represent metal patterns jocated on top of the ZnO.

The test devices were fabricaled on a 7 Ql-cm n-
silicon wafer of (100) orientation with the SAW propags-
tion in the silicon {100] direction. A 0.12 um 510, film
was thermally grown, after which a 6.5 um 7Zn0 film was
deposited by rf sputtering. The Llest gratings consisted
of either 300 or 400 aluminum strips of periodicity d =
15.24 um. Situated at both ends of the graling were
interdigital transducers, S1 and S2. consisting of 10
aluminum @nger pairs of wavelenglh A, = 40.65 um.
Beneath the grating and transducers S1 and S2 was an
aluminum underlay at the 7Zn0-Si0; interface. Trans-
ducer R was a separate comb [9] interface [10] trans-
ducer, with 20 (ingers in each paralicl half of the trans-
ducer, dexigned for a wavelength of A, = 244 .m.
lLocated above transducer R way a metal overiay on lop
of the Zn0. For the particular thickness-wave number
product of hk, = 1.67, the interface transducer was used
to provide greater ejectromechanical coupling:than is
possible with the mare convenlional construction where
the transducer is located on top of the Zn0 | 11). For the
relatively short wavelenglh of A, = 24.4 um, a separale
comb transducer was choscn Lo improve device yields.

The transmission response from Lransducer S! to 2

is shown in figure 4 for & device with a 400 aluminum
strip grating. A 15 dB decp stopband, which has been
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Fig. 4. Sezawa mode transmission through 400 strip
aluminum grating.

sttributed to conversion from Lhe Sezawa to Rayleigh
mode, was observed at a [requency of 130 MHz. The
phase velocily and wave number for the generated Ray-
leigh mode can be obtained from equalions (3) and (4).

The resulting phase velocity, v, = 3.18 x m‘;"l‘-. and

. % _rad
the thickness-wave number product. hk, = Zo o=

= l.B?I;-—’%. are found to correspond to computed Ray-

leigh wave dispersion charecteristics {12]. For test dev-
ices having gratings formed from 300 alurninum strips,
stopbands of approximately 10 dB depth were obtained.
Puise ement techniq have becn used to
fuether investigate the Sezawa to Rayleigh mode conver-
sion. Transducer Si is constructed wilh a wavelength,
A;. which is larger than the grating periodicity, 4. A
Sczawa wave Iaunched by this Lransducer will be con-
verted by the grating to a Rayleigh mode, which can be

e o e e
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Fig. 5.(a)Oscillograph of input to transducer S1 and out-
put of transducer R. (b)Oscillograph of input to
transducer S1 and output of transducer R with an
scoustic absorber on the aluminum grating.

detected by transducer R. The top trace in figure S5a
shows the input pulse Lo transducer S1. The first pulse
in the boltom trace of figure 5a represents the direct
detection of Lthe Sezawa pulse launched on transducer
S1. The first larger triangular shaped pulse is due i3 the
Rayleigh mode generated in the grating. The shape of

‘this detected Rayleigh pulse is determined by the convo-

lution of the incident Sezawa pulse and Lhe test grating.
The second smaller triangular shaped pulse is due to the
Sezawa to Resyleigh conversion of the reflected Sezawa
wave obtained as the result of direct detcction at trans-
ducer R. With an acoustic absorber on the test grating,
the outpul of Lransducer R consists only of the direclly
detecled Sezawa pulse, as shown in figure 5b. Since the
bandwidths of the transducers are significantly greater
than that of the grating. the mode conversion bandwidth
is determined by the length of the grating. Figure 6
displays the frequency response ol the mode conversion
from transducer S1 to transducer R for a 300 aluminum
strip grating. A 3 dB bandwidth of 0.84 MHz was obtained,

Since efficient conversion of surface acoustic waves
to bulk plate modes, due to shallow etched grooves, has
been observed in LiNbO,; [7.8], shallow grooves were
examined in a8 second MZ0S Lest device. Here the
sluminum grating pattern was used as a mask for etch-
ing the Zn0, and subsequently the aluminum grating was
removed.
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Fig- 6. Frequency response of mode conversion (rom
transducer St to transducer K for a 300 sluau-
num strip grating.
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Fig. 7. Sezawa mode transmission Lhrough 300 groove 0.2
um deep grating.

The mode conversion for a 300 groove 0.2 gm decp
grating is shown in figure 7. A 35 dB decp stopband was
obtained for this device compared to the 10 dU decp
stopband observed with the 300 strip aluminum grating
structure.

The conversion for another 300 groove graling,
which has 0.1 um deep grooves, is shown in figure 8. The
stopband for this device was approximately 19 dB deep.
It sppesrs the perturbations imposed by the grooved
gratings are much more efficicnt for mode conversion
than are the aluminum grating structures.

V. Conclusion

The conversion between the Sezawa snd the Ray-
leigh mode, due to both periodic aluminum strip arrays
and etched grooved arrays, has been demonstraled in
the MZOS monolithic device configurstion. In order Lo
avoid unwanted stopbands, the occurrence of such a
conversion must be considered in the design of grating
structures, such as the multistrip coupler, in layered
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Fig. 8. Sezawa mode transmission through 300 groove 0.1
um deep grating.

monohthic configurations. Alternatively, such stopbands

could be used Lo implement desired filter characteris-
tics.
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APPENDIX E

Aluminum nitride on silicon surface acoustic wave devices
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Reactive rf planar magnetron sputtering has been used at substrate temperatures below 300 °C to
deposit highly oriented piezoelectric AIN films on silicon for surface acoustic wave device
applications. The substrates were (100)-oriented, n-type silicon with and without a thermally
grown oxide. Several new AIM-on-silicon surface acoustic wave devices were fabricated and
tested. The devices reported herein include two-port delay lines, degenerate monolithic
convolvers, and two-port surface acoustic wave resonators utilizing metal strip reflector arrays. -

PACS numbers: 43.35.Pt, 43.88.Fx, 85.90. + h

One branch of the development of surface acoustic
wave {SAW) devices emphasizes the integration of SAW
with semiconductors. Specifically, there has been a consider-
able effort to launch and propagate surface acoustic waves
on silicon by employing thin sputtered films on ZnO on oxi-
dized silicon substrates. Aluminum nitride is another mate-
rial which has been considered for use as a piezoelectric thin
film for SAW applications. The properties of chemical sta-
bility, mechanical strength, high acoustic velocity, and good
dielectric qualities make AIN an attractive alternative ZnO
for monolithic SAW devices.'

The formation of piezoelectric AIN films for SAW
studies has until recently been achieved only by using sub-
strate temperatures in excess of 1000 °C. Although chemical
vapor deposition methods will always require such high tem-
peratures,’ successful deposition of piezoelectric films at
much lower temperatures onto glass and sapphire substrates
has lately been accomplished by reactive sputtering.’ Pro-
cessing at these lower temperatures is more compatible with
existing silicon technology and enhances the appeal of an
integrated AlN-silicon structure. We report here on the per-
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REFLECTOR GRATING

FIG. 1. (8) Two-port delay line: (b) degenerate convolver; (c) two-port reso-
nator.
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formance of some new AIN-on-silicon SAW devices (Fig. 1)
fabricated by reactive rf planar magnetron sputtering with
substrate temperature below 300 °C.

The system used to deposit the AIN films was an MRC
8620 Sputtering Head with a magnetron cathode assembly.
A 99.999% aluminum target was situated 3.6 cm above the
heated substrate platform. During the sputtering a total
chamber pressure of approximately 8 mT was maintained
with a gas mixture of 60% nitrogen and 40% argon. The
depositions were performed with between 250 and 300 W of
rf input power resulting in a sputtering potential of about
130 V and a substrate platform temperature of 260 °C. Un-
der these conditions a deposition rate of approximately 0.3
#m per hour was achieved.

Films having a thickness of approximately 1.5 um were
deposited on (100)-oriented, n-type silicon substrates having
a resistivity of about 10 £2 cm. Appearing smooth and clear,
the films produced strong x-ray diffractometer response
peaks at 20 = 36.2". This peak corresponds to AIN oriented
with the ¢ axis normal to the silicon substrate surface.

The AIN monolithic structure has been examined in
several device configurations. Figure 2 shows the frequency
response of an AIN/SiO,/Si delay line. The thermally grown
oxide layer on the silicon was 0.12 um thick, and the AIN
film thickness was 1.6 um. Interdigital transducers (IDT"s)
with ten finger pairs were formed by etching a 1000 A evapo-
rated aluminum layer. The transducers were driven bal-
anced with respect to the substrate in order to surpress elec-

INSERTION LOSS (d8)

56 76 96 e 136
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F1G. 2. Delay line frequency response for AIN/Si0,/Si device.
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FIG. 3. High-pass filtered and 30 dB amplified convolution output for pulse
envelope imputs of 3-us length.

tromagnetic direct coupling, and tuning was accomplished
with series inductors. At the center frequency of 98.05 MHz,
an insertion loss of 23.5 dB was measured along with a frac-
tional bandwidth of 6.3%. The propagation path between
transducer centers was 5.6 mm, the wavelength was 50.8
um, and the time delay was 1.1 us.

The same AIN/SiO,/Si medium as described above
was used in the fabrication of a degenerate acoustoelectric
convolver. Ten-finger pair aluminum IDT’s with a 35.6-um
period were placed at either end of a 1.4-cm-long aluminum
gate electrode. A tuned delay line insertion loss of 34.7 dB
was obtained at a center frequency of 141.7 MHz. Although
some charge injection was evident in capacitance-voltage (C-
V') measurements, the optimum gate bias for convolution
was constant after the first few minutes of operation at a bias
value of — 14.7 V. The convolution output for equal-pulse
envelope inputs is shown in Fig. 3. Input signals were 20
dBm each and yielded a bilinear convolution efficiency of

— 101.4 dBm.

Another convolver was constructed on a substrate
without the SiO, layer and with 1.5 um of AIN. In this case,
twenty-finger pair transducers with the same periodicity as
above were utilized. At the center frequency of 141.0 MHz
the delay line insertion loss was 28.6 dB, and the bilinear
conversion efficiency was — 96 dBm. The gate bias required
for depletion of the silicon was markedly different in this
case. A gate potential of + 22 V was found to maximize the
convolution output. Again, charge injection was evidenced
in the C-V measurements, and the gate bias stabilized in a
few minutes.

The third type of device examined in the AIN/SiO,/Si
structure was a two-port SAW resonator with gold trans-
ducers and reflector gratings. The transducers were com-
prised of eight-finger pairs each at a wavelength of 40.6 um,
and the reflector arrays consisted of 400 shorted gold strips.
The frequency response for one such device is displayed in
Fig. 4. In this particular case, the AIN was 1.6 um thick and
the gold thickness was 550 A. The untuned response reveals
a 27.3-dB insertion loss at a resonant frequency of 121.74
MHz with a loaded Q of 3370. (The wide lobes in the re-
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FIG. 4. Frequency response for two-port rexonstor with reflectors of 400
shorted gold strips.

sponse at 50 dB are due to interference between the acoustic
signal and electromagnetic direct coupling between the cav-
ity transducers.) A third transducer was situated outside the
cavity to allow transmission measurements through one of
the gratings. The grating stop band depth for this device was
measured to be 21.5 dB. Based on an impedance mismatch
model,* this leads to a per strip reflectivity of 0.79%. An-
other device, with 630 A of gold, exhibited a Q of almost
5000 but also admitted a second resonance peak, indicating
that the cavity length was not optimized.

The resuits reported herein prove the feasibility of using
low-temperature-sputtered AIN as a piezoelectric thin film
onsilicon. The device characteristics presented compare rea-
sonably well with analogous ZnO devices.** These perfor-
mances, however, do not represent optimized AIN-on-sili-
con devices. More information on the coupling and
propagation losses of AIN-on-silicon will be needed before
the full potential of this structure can be evaluated.
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APPENDIX F

SPUTTERED ALUMINUM NITRIDE ON SILICON
FOR SAW DEVICE APPLICATIONS

L. G, Pearce, R L. Cunshor, and R. F. Pierret

School of Electrical Enginesring, Purdue University
West Lafayette, Indiana 47907

Abstract

Reactive rf planar magnetron sputtering s
employed to deposit piezoelectric aluminum nitride Ailms
on silicon substrates where the substrate temperature
during deposition is below 300°C. The films, grown on
substrates of both (100) and (111) oreinted silicon with
and without the presence of a thermally grown oxide, are
oriented with the c-axis normal to the substrate surface.
We reporl the operating characteristics of several new
AIN-on-silicon devices. These include two-port delay
lines , degenerate monolithic convolvers, and surface
acoustic wave resonators utilizing metal strip reflector
arrays. The reported data includes electrical charac-
teristics of the metal-AIN-(SiOg)-Si sandwich, and disper-
sion properties for (100)-cut, <100>-propagating snd
(111)-cut, <211>-propagating substrates.

1. Introduction

The development of surface scoustic wave (SAW)
technolngy has included significant efforts to integrate
SAW with semiconductors. On silicon the most common
approach has been to make use of a thin piezoelectric
film of zinc oxide deposited by spultering. Another
material which has been considered for the role of the
thin prezoelectric film is aluminum nitride, Chemical
stability, mechanical strength, high aceustic velocity,
and good dislectric qualities make AIN an attractive
prospect for monolithic SAW devices on silicon [1).

Until recently the formation of piezoelectric AIN
films for SAW application has been achieved only by
methods employing substrate temperatures in excess of
1000°C. Although chemical vapor deposition methods
will always require these high ‘emperatures [2], success-
ful deposition of piezoelectric AIN films at much lower
temperatures has lately been accomplished by reactive
sputtering onto glays and sapphire substrates [3). This
lower Lemperature processing is more compatible with
silicon technology and enhances the appeal of the AIN-
silicon structure. We report here on thu performance of
SA¥ devices (figuru 1) constructed on this new layered
struclure fabricetud Ly roaclive ¢f planar magnetron
sputlering with substrate temperatures below 300°C.

1. Ezperimental Results
The system used to deposit the AIN films was an MRC
86820 sputtering head fitted with a magnetron cathode
sssembly. An aluminum target of 89.999X purity was
located 3.8 ¢cm above Lhe hoated substrate plstform. A
chamber pressure of approximately 8BmT was maintained

0090-3607/81/0000-0381 $00.78 © 198) IEEE

AIN

—si0
=50 ?

—_—— 107

(0)]

(o)}

Fig. 1. AlN-on-Si device types; (a) delay line, (b) degen-
erate acoustoelectric convolver, (c) two port
resonator.

with a gas mixture of 80X nitrogen and the remainder
argon. input rf power was between 250 and 300 walts
snd resulted in a sputtering potential of about 130 voits.
The acbstrate platform was heated to s temperature of
260°C. ¥ith these conditions a deposition rete of approx-
imately 0.3 um per hour was obtained.

Filns of approximatety 1.5 um thickness were depo-
sited on substrates of n-type silicon with resistivity of
sbout 10 f} cm and of both (100) and (111) orientations.
Substrates both with and without 1200k of thermally
grown oxide were used as well as substrates with 0.1 um
of evaporated aluminum covering the oxide. The films on
all substrates appeared smooth and ctear and produced
strong x-ray diffractometer peaks at 20=38.2°. This
diffraction response corresponda Lo AIN oriented with the
c-axis normal to the substrale surface. The films cxtu-
bited a resistivity in excess of 10" Q- and & relative
permitlivity of 11.1.

1981 ULTRASONICS SYMPOSIUM — 381




Pearce, et. al.

INSERTION LOSS (dB)

6 TTE 36 T3 3% 156
FREQUENCY (MHz)

Fig. 2. Frequency response for AIN/SiO¢/Si (100)-cut,
<100>-propagating delay line with A= 50.8 um
and h = 1.8 um.

Figure 2 shows the frequency response of a delay
line on the AIN/SiO;/Si(100) structure. For this device
the AIN was 1.8 um thick, and the acoustic wavelength
was 50.8 um. Interdigital transducers (IDT's) with ten
finger pairs were elched from a 0.1 um evaporated
aluminum layer. Tuning was achieved with series induc-
tors, and the transducers were driven balanced in order
to minimize electromagnetic direct coupling. An
insertion loss of 23.5 dB was measured at the center fre-
quency of 98.05 MHz while the 5.8 mm path (between
transducer centers) yielded a delay of 1.1 usec.

Phase velocity data as a function of hk (fitm thick-
ness Limes wave number) is plotted in figure 3. The
phase velocity was found by taking the product of the
wavelength and the delay line center frequency. Data
here is for the AIN/A1/SiOp/Si configuration of both sili-
con orientations. The phase velocities found are seen to
fall very near the appropriate silicon Rayleigh wave velo-
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ERN aC
]
3
a 4.6 ~
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0.3 0.4

Fig. 3. Phase valooity vs. hk. Curves are the dispersion
relation for Zn0O-on-Si; data points are for the
AIN/A1/8i0¢/Si devices. A and C are for (111)-
cut, <211>-propagsting substrates; B and D are
for (100)-cut, <100>-propagating.
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cities. This data indicate= that, in the range examined,
the AIN-silicon system behaves as a relatively low disper-
sion medium. This is of significant importance for appli-
cations where distortion due to dispersion must be
minimized. For comparison the dispersion curves for
the ZnO-silicon system are aino shown. Attempls to

measure the electromechanical coupling on these devies
only succeeded in bounding the value of k® to between
0.10% and 0.18%, for the hk range examined.

Two-port SAW resonators with gold metalization
were constructed on the AIN/SiOg/Si(100) structure.
The reficctor arrayn consisted of 400 shorted gold stripa
of one quarter wavelenglh widih and spacing, and the
transducers were [DT's with cight finger pairs. Figure 4
displays the frequency response of one of these resona-
tors. For this device the AIN was 1.8 um, the gold 5508

20y
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Fig. 4. Response for resonator on AIN/SiOg/Si (100)-cut,
<100>-propagating structure. Reflectors are 400
shorted gold strips, A= 40.8 uem, b = 1.6 um, and
Q = 3370.

thick, and the wavelength was 40.6 um. At ther - - nt
frequency of 121.74 MNz an untud.:d insertion loss v, .7.3
dB was obtained. and & 1oaded * uf 3370 was measured.
(The wide lobes in t.-> revoons: i Ave to interference
betwoen the acoustic wg*e! and ‘.« .>lzctromegnetic
direct coupling.) Trapmv7won meascoc-dents through
one of the reflectior, x:atings were rnade using a third
transducer placed cutside the resonator cavity. The
impedance mismatch model for gratings {4] associates a
per strip reflectivity of 0.79% with the 21.5 dB stop band
depth found. Other devices with thicker gold exhibited
Q's up te 5000, but the cavity length was not optimized
and sllowed a second resonance pesk.

A degenerate acoustoeleclric convolver was fabri-
cated on the AIN/SiO;/Si(100) material. Aluminum IDT's
with ten finger pairs and a periodicity of 35.6 um were
situated on both ends of a 1.4 cm long aluminum gate
electrode. When operated as a delay line the device
yielded a tuned insertion loss of 34.7 dB with a center
frequency of 141.7 MHz. Hysteresis in the capacitance-
voltage (C-V) measurements on the gate electrode indi-
cate charge injection, but Lthe gate biss Lo optimize Lhe
convolution output stabilized st a value of -14.7 volits
With input signals of +20 dBm each, s bilinear convolu-
tion efliciency of -101.4 dBm was obtained.

Another convolver was constructed on the layered
structure without the SiO; region. Twenty finger pawr
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IDT's of 35.6 um periodicity were used on the 1.5 um
thick AIN film. At the center frequency of 141.0 M}z a
tuned insertion toss of 28.8 dB through the delay line was
recorded. A bilinear convolution efficiency of -968 dBm
was achieved at an optimum gate bias of plus 22 volts.
Charge injection and bias stabilization were again
observed.

1. Conclusions

The results reported herein demonstrate the feasi-
bility of using low temperature sputtered AIN as a
piezoelectric thin film on silicon. Characteristics for
devices described here compare relatively well wilh
analogous Zn0 devices {5.8]. However, these devices do
nol represent optimized designs on the AIN-on-silicon
structure. A full evaluation of the potentisl of this new
layered medium for SAW will necessitate more informa-
tion on the coupling, dispersion, and propagation loss,
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APPENDIX G

BIAS STABLE ZINC OXIDE-ON-SILICON SURFACE ACOUSTIC WAVE DEVICES

R. D. Cherne, M. R. Melloch, R. L. Gunshor and R, F. Pierret

School of Electrical Engineering, Purdue University
West Lafayette, Indiana 47907

Abstract

Charge injection and trapping within the metal-
Zn0-8i0,-5i (MZ0S) structure is the well-known cause of
a serious bias instability routinely exhibited by ZnO-on-Si
surface acoustic wave devices. Herein we report and
describe the attainment of d.c. stable MZOS device
structures. Through a simple modification in the stan-
dard MZOS fabrication procedure, devices have been pro-
duced which, under dark conditions, attain a repeatable
d.c. operating point within seconds after applying the
desired d.c. bias. Fabrication details, data iliustrating
the achieved degree of bias stability, and comparative
surface acoustic wave device characteristics are
presented. A physical model explaining the observed
stability is also discussed.

Introduction

Charge injection and trapping within the.metal-
Zn0-810,-Si (MZOS) structure is the well-known cause of
the serious bias instability routinely exhibited by ZnO-
on-Si Surface Acoustic Wave (SAW) devices {1-4]. Upon
application of a negative bias to the gate, electrons are
injected into the ZnO layer and become localized in deep
level traps at or near the Zn0-Si0, interface [3). Ther-
mal emission from the traps under subsequent positive
increments in gate voltage is quite slow, resulting in dev-
ice characteristics that can be shifted by tens of volts
(see Fig. 1) and which totally relax only after several
days. The relaxation process can be accelerated by
illuminating the structure, or pn junctions can be fabri-
cated in the Si to partially circumvent the problem in
certain device configurations [5]. Clearly. however, it
would be desirable if the basic structure was capable of
responding quickly t6 changes in the d.c. gate bias under
normal operating conditions. Herein we report the suc-
cessful fabrication of a truly bias stable 2nO-on-Si SAW
device. As will be detailed, stability is achieved through
the use of a simpls low temperature anneal.

Egperimental Reaults

To demonstrate both the achieved degree of bias
stability and the fact that stability is not obtained at the
expense of a degradation in SAW performance, test dev-

ices were fabricated and patterned as shown in Fig. 2.

Pictured is a standard convolver (less the usual trans-
ducer underlays) and two adjacent capacitors included
to facilitate probe measurements of the MZO0S
capacitance-voltage characteristics. The transducers,
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Fig.1.Sample set of stationary state (dots) and sweep-
back charactleristica typilying the charge
injection/trapping phenomenon occurring in MZ20S
structures. (This figure is the same as Fig. 3 in
reference 3.)

separated by a center-to-cenler spacing of 12.7 mm,
contain twenty finger pairs with equal widths and geps of
8.9 um. The convolver beamwidth is 1.0 mm; the gate
length is 10.2 mm. Thgzadjacent MZOS capacitors have
gate areas of 0.0324 cm®™. All devices were fabricated on
8-8 ohm-cm (100) oriented n-type Si wafers which were
thermally oxidized to an Si0, thickness of 1000 R. ZnO
films, 1.9 um thick, were deposited at a rate of 1.5
um/hr using an rf magnetron sputtering system with a
99.999% pure ZnQ target. The substrate platform was
maintained at temperetures between 120 *C and 1680 °C
during all depositions. Following the growth of the Zn0
layers, but prior to gate metallization, the structures
were annealed for 80 min in a nitrogen atmosphere at
temperatures ranging from 380 °C to 490 *C. 1t is the
addition of this low temperature post-deposition anneal
which results in the improved bias stability. The devices
were completed by evaporating and patterning the
aluminum metallization such that Rayleigh wave props-
gation occurred in a <100> direction.

Figures 3a and 3b respectively display the measured
two-port insertion loss versus frequency and the bdilinear
conversion factor (Fp) versus gate bias (Yq) obtained
from an N, annealed convolver. The plctur& minimum
insertion 1oss of 24 dB and maximum Fy of -72 dBm are
quite typical for a Rayleigh wave convoiver {6-8]. What is
unusual, however, is attainment of a stable opereting
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SILICON
ALUMINUM

Fig.2.Experimental test structure consisting of two MZ0S
capacitors and a convolver.
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1g.3.(a) Two-port insertion loss versus frequency and (b)
convolution bilinear conversion efficiency (F.l.)
versus gate bies obtained from an N, annealed con-
volver. Transducsrs were d.c. biased 0 as to accu-
mulate the underlying silicon surfaces.

point on the Fq versus Vo curve within seconds after a
change is made in the d.c. bias applied to the convolver
gate.

The improvement in bias stability resulling from the
post-sputtering annea! is perhaps best illustrated by
referring to the capacitance-voltage (C-V.) characters-
tics displayed in Figures 4a and 4b. All curves wcre
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Fig.4.Capacitance-voltage characteristics obtained from
(a) an N, annealed MZOS capacitor and (b) a simi-
larly fabricated non-annealed capacitor. Stationary
C-V. characteristics are indicated by dots. The
positively swept curves were recorded at 2.5 V/see
starting from heavy inversion.

obtained from test devices probed in a light-tight dark-
box. In each case the gate voltage was first stepped
negatively in small increments and stationary charac-
teristics (the dots in Figs. 4a and 4b) were recorded.
Next the gate voltage was swept positively at 2.5 V/sec
from various inversion points. Figure 4a is typical of the
C-V. characteristica obtained from MZOS capacitors on
Nz annealed test structures. Inspection reveals the posi-
tively swept curves are essentially coincident with the C-
Vg data obtained by stepping negalively from Vg=0. by
way of comparison, Fig. 4b was derived from a similarly
constructed and probed MZOS capacitor which had not
been annealed. The large transiation in the positively-
swopt characteristic in Fig. 4b (similar to that displayed
earlier in Fig. 1) is typical of non-annsaled devices and
complete relaxation in this case takes hours to days.

Discussion
Although the aforementioned results are repeatable,
it must be acknowiedged that the nature of the as-

sputtered Zn0 flim plays a major role in the success of
the bsequent ar ling procedure. Specifically, the
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charge trapping characteristics of rf diode sputtered
(non-magnetron) ZnO films produced in our laboratory
are essentinlly unaffected by annealing at 380 °C - 485 °C
in an N,, atmosphere. Investigating this negative result,
however, has had the positive eflect of providing insight
into the bias stability of Lhe annealed magnetron sput-
lered films. Extensive measurements of the a.c. conduc-
tance of MZ0S capacitors incorporating differently pro-
cessed Zn0 films has revealed a fundamental difference
in the conduction mechanism operating within the films.
The room temperature a.c. conductivity of magnetron
sputtered films always exhibits a dominant hopping [9]
component which is enhanced by thermal annealing. In
rf diode films, on the other hand, hopping conduction is
not obscrved. Based on the admittance observations,
then, we are led to speculate that charge can be injected
and extracted from the Zn0-5i0, interfacial region of
magnetron sputtered structures via a charge hopping
mechamsm; ie., as pictured in Fig. 5, deep level traps

~ 7 [si0,

METAL Zn0

Fig.5.Model for (a) charge injection and (b) charge
extraction in annealed MZ0OS structures.

can communicate directly in transfering charge to and
from the ZnO-SlOz interface. Moreover, thermal annesl-
ing of the magnetron sputtered films is assumed to
increase the concentration of centers required for hop-
ping. thereby [acilitating a more rapid transport of
charge. Whether the increased hopping center concen-
tration is caused by a dispersal of impurity
conglomerates, a propagation of defects, or has some
other origin is open to conjecture. A comparative physi-
cal evaluation of the Zn0 films has, in fact, been under-
taken to clarify the situation.

Finally, a comment is in order concerning the
absence of transducer underiays in the test devices. If
underlays are used they will, of course, be in place dur-
ing the anneal. Following annealing, magnetron sput-
tered ZnO fiims over underlays have been found to be
highly conductive, presumably due to the incorporation
of aluminum into the ZnO layer [10]). Likewise, gold
underlays were visibly degraded after a 60 minute anneal
at 490 °C. Omission of Lthe underiayer sctually had little
effect on the performance of the test devices. Device
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performance was optimized by simply applying & small
d.c. bias to the tranaducerx so as to heavily sccumulate
the underlying silicon surface.

Conclusion

Zn0-on-Si SAW devices have been constructed which
rapidly attain a repeatable d.c. operating point after
both negative and positive changes in gate bias. This
bias stability is achieved by annealing magnetron sput-
tered Zn0 films for 60 minutes in a nitrogen atmosphere
at temperatures ranging from 380 °C to 490 °C. The
thermal anneal is believed to enhance hopping-related
charge transport to and from the Zn0-Si0, interface.
Continuing investigations are being performed to optim-
ize the annealing process and to clarify the physicai
effects of the anneal.
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APPENDIX H

Induced junction monolithic zinc oxide-on-silicon storage correlator

K.C.-K. Weng, R. L. Gunshor, and R. F. Pierret

School of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907
{Received 10 August 1981; accepted for publication 9 October 1981)

An induced junction array is proposed as an alternative to the conventional PN diode
configuration in the implementation of reference storage in a surface acoustic wave SAW storage
correlator. Induced junction devices fabricated in the ZnO-on-Si structure are found to exhibit
performance characteristics comparable to those of PN diode correlators, while providing greater

ease of fabrication.
PACS numbers: 43.60. + d, 72.50. + b, 73.40.Qv

The silicon storage (memory) correlator is one of the
more promising surface acoustic wave (SAW) devices under
consideration for use in real-time signal processing systems.
Several physical configurations and reference storage
mechanisms have been proposed and investigated in rela-
tionship to this device.'~> Although signal storage is possible
by means of surface states at the SiO,-Si interface, the most
attractive of the configurations employ Schottky or PN di-
ode arrays to implement the memory function. In this letter
we describe and demonstrate an alternative storage array for
use as a SAW correlator, an array consisting of induced
junctions.

The proposed device, an adaptation of the metal-ZnO-
$i0,-Si (MZOS) configuration, is shown schematically in
Fig. 1. The key feature of the Fig. 1 device is the aluminum
grating at the ZnO-S8iO, interface. As will be explained, the
presence of the grating permits the otherwise undesirable
charge injection phenomenon, a phenomenon routinely as-
sociated with the MZOS structure,® to be employed con-
structively to create the signal storage medium. The inter-
face aluminum grating is fabricated by etching a photoresist-
defined Al film depostied over the SiO, layer. The Al grating
has a periodic spacing of 10 um and a mark-space ratio of
unity. The SiO, layer is thermally grown on a 10-£2 cm (100)
n-type silicon wafer. A phosphorous diffusion step preceed-
ing the Al deposition is used to stabilize the SiO, film, getter
the Si bulk, and facilitate the formation of an ohmic back
contact on the silicon wafer. A 1.6-um-thick piezoelectric
ZnO film is deposited onto the Al grating/SiO,/Si substrate
by means of rf sputtering. The top metalization is designed to
minimize spuricus response and consists of a dual-track gate
together with a pair of symmetric and antisymmetric tans-
ducers’ fabricated by a photolithographic lift-off procedure.
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The transducer wavelength is 35.6 um; the acoustic aperture
is 1 mm.

Under operational conditions the center combs of the
device are grounded, the antisymmetric and symmetric
transducers are driven by a balanced transformer and a two-
way O° power splitter, respectively. With the Al grating
grounded, and the device operated as a SAW delay line, one
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observers a 3-dB bandwidth of 7 MHz and an insertion loss
of 20 dB at the 18-MHz center frequency. When operated as
a degenerate convolver, the device provides an external con-
volver efficiency of — 67 dBm.

Storage correlator operation is achieved by means of an
array of isolated induced-junction charge-storage regions.
The induced junction array is created by taking advantage of
the charge injection phenomena which produces the bias in-
stability found in conventional MZOS devices. Upon appli-
cation of a negative bias to the gate, electrons are injected
into the ZnO layer and either collect on the Al grating or
become localized in deep level traps at the ZnO-SiO, inter-
face.® This initialization step causes an overall inversion of
the n-type silicon surface. Following a subsequent positive
change in gate bias, the injected charges located on the metal
grating are rapidly withdrawn from the interior of the struc-
ture. However, in the open regions between the Al grating
strips the injected charge is stored in deep level traps for a
relatively long period of time (hours or days). The net result
of the selective charge removal is an array of induced junc-

(b

FIG. 2. Autocorrelation outputs of {a) 3-bit Barker code and (b) two rectan-
gular pulses.
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tion regions where minority carriers are stored in an invcs-
sion layer isolated from the silicon bulk. The regions of mu-
nority-carrier storage are isolated from each other by
depletion regions under the Al grating strips.

The induced junction storage correlator can be operot-
ed in any mode suitable for conventional ZnO-on-Si PN di-
ode devices. The specific correlation experiment to be re-
ported hercin can be described as follows. The writing
process is achicved by applying the rf reference (writing) wig-
nal ¥, to the gate in coincidence with a narrow acoustic
pulse P, propagating under the gate. The simultaneous pres-
ence at the silicon surface of the f reference signal and the
electric field associated with. the acoustic signal produces a
resultant electric field component normal to the silicon sur-
face. This electric field component (arising from the interac-
tion between the reference signal and the narrow acoustic
pulse} in turn causes a measured fraction of the minority
carriers tobe injected from the iversion layer into the interior
of the semiconductor where they recombine. The resultant
deficit of the minority carriers within the induced junction
array permits the reference signal to be stored as a spatially
varying charge pattern at the silicon surface. After a prese-
lected time interval, an rf reading signal ¥, is applied to the
gate. The nonlinear interaction between the reading signal
and the reference signal stored in the induced junction array
excites a surface acoustic wave whose envelope represents
the correlation output. Employing the aforedescribed mode
of operation, a maximum correlation efficiency” of — 66
dBm has been obtained. The autocorrelation of a stored 5-bit
Barker code waveform is shown in Fig. 2(a) (some electro-
magnetic coupled response also appears at the left in this
figure); Fig. 2(b) shows the autocorrelation of two rectangu-
lar pulses. The reference signals are written with a 200-ns
acoustic pulse.

The dynamic range of the induced junction device is
limited for the most part by the degree of energy-band bend-
ing within the silicon established during the initialization
procedure. At sufficiently high signal levels the rf potential
at the silicon surface can become large enough to negate the
band bending and allow bulk majority carriers into the near-
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~urface region, thereby causing the minority carriers tc be
annihilated at an accelerated rate through recombinacion.
The result is a rapid loss of the stored reference signal. Ex-
perimentally, by varying the writing signal we have observed
an input dynamic range of 3' dB, corresponding to a maxi-
mum power of 28 dBm for the narrow acoustic pulse and a
10-V peak-to-peak gate signal for read-out. The output dy-
namic range, determined at an input acoustic power of 28
dBm and with an 8.5-V peak-to-peak gate voltage for write-
in, is 40 dB.

The characteristic decay constant 7 of the stored signal
depends upon the relaxation process of the nonequilibrium
condition created within the semiconductor when a charge
deficit is produced by the write-in process. To a first-order
approximation, the decay constant can be expressed as” ‘

T=2r,Np/n;,

when 7, is the generation lifetime, N, is the semiconductor
doping constant, and », is the intrinsic carrier concentration.
The measured variation of correlator output with storage
time is shown in Fig. 3. The observed decay constant is 0.2 s,
corresponding to a generation lifetime on the order of tens of
microseconds. The time at which the correlation output de-
cays to 3 dB of maximum is 80 ms.

When compared to conventional ZnO-on-Si diode stor-
age correlators, the induced junction configuration exhibits
comparable maximum correlation efficiencies” and dynamic
range.** In addition, the signal storage time is of the same
order of magnitude for both induced junction and diode stor-
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age correlators. A more careful fabrication scheme aned .t
increasing the minonity-carrier lifetime could extend the
storage time 1> tens of seconds.

To summarize, we have described a new type of mono-
lithic ZnO-on-Si storage correlator in which the PN diodes
are replaced by a more easily fabricated induced junction
array. The observed device characteristics are similar to
those of diode correlators, while providing opportunities for
use in conjunction with semiconductors other than silicon.
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